Introduction
Gap formation plays an important role in forest dynamics [1, 2] . Light levels increase after gap creation [3] [4] [5] [6] and influence tree species germination, growth, survival, and consequently forest succession [7] [8] [9] [10] . Whitmore [11] classified species into two general groups depending on light requirements: pioneer species that cannot survive in the shade and with seeds that germinate only when exposed to direct sun light for at least part of the day, such as in canopy gaps, and climax species that can germinate beneath the forest canopy and whose seedlings can survive in shade. Other authors have focused on the role of light in affecting the establishment and growth of seedlings [12] [13] [14] [15] .
Light is, however, not distributed equally in gaps. Factors such as latitude, gap size, and the canopy height surrounding the gap influence light distribution in gaps [16] . These factors consequently influence the spatial and temporal establishment of shade-tolerant and shade-intolerant species found inside gaps [17] . To consider the influence of canopy height on light condition within gaps, the ratio of gap diameter to the average height of the surrounding canopy (D/H ratio) has been used [4, 8, 16] . As the D/H ratio of gaps increases, a relationship of increasing light levels and number of shade intolerant species is expected [18] .
Many studies measuring light in gaps demonstrate that light distribution is not homogeneous and that the principal light gradient in temperate regions is along the north-south axis [3, 6, 16] . However, these studies used different techniques to either predict or measure different light distributions. Canham et al. [16] and Ban et al. [19] , for example, developed models that predicted that the highest light levels occur under the canopy north of gaps in northern latitudes. However, a field study conducted in one of the regions modelled by Canham et al. [16] measured the highest light levels within the northern limit of the gaps [4] . Two unrelated studies in northern latitudes also found contrasting results by measuring or predicting the highest levels of light just north of the center of gaps [3, 6] .
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The objective of this study is to examine the influence of gap size on the distribution of light along the north-south axis in the gap and to the north of the gap under the forest canopy as this will affect species recruitment. We ask the following questions: At what position will the highest levels of light be found in gaps and will this position vary with gap size? At what position in gaps do light levels differ from under closed canopy? Answers to these questions will permit us to use knowledge on plant species responses to light levels to determine optimal gap sizes to be used in forest management to favour a given species. • C and the mean annual precipitation falling as rain and snow is 990 mm and 350 mm, respectively. The growing season varies between 150 and 170 days and occurs from May to mid September. Soils in this forest are mostly comprised of tills greater than 1 m in depth. The average height of the canopy was 18.75 m (ranging from 15.4 m to 23.8 m). Nine prism measurements were taken to determine the mean total basal area (22.4 m 2 /ha ranging from 14 m 2 /ha to 36 m 2 /ha). The mixed composition forest is dominated by yellow birch (Betula alleghaniensis) (42% of total BA) with some sugar maple (Acer saccharum) (16% of total BA). The conifers present in this forest were balsam fir (Abies balsamea) (20% of total BA) and some white spruce (Picea glauca) (9% of total BA). Other species present were American beech (Fagus grandifolia) (8% of total BA) and red maple (Acer rubrum) (5% of total BA).
Methods

Gap Selection.
Gaps selected for this study consisted of manually felled gaps that were two to four years old at the moment of sampling for this study. Special care was made during logging to maintain the surrounding canopy. Gap boundaries were defined using the vertical projection of the canopy (vertically projected gap described in Ban et al. [19] ). We evaluated the light gradient from the south to the north of gaps. Since the shape of gaps and the slope also influence the light gradient, we considered gaps located on level ground and gaps that were as symmetrical as possible from east to west to reduce unintended variation in light along the north-south gradient. Competing species such as mountain maple (Acer spicatum) and raspberry (Rubus idaeus) also occurred within gaps although, given the young age of the gaps, they were lower than the height (1.5 m) at which the light measurements were made. The canopy surrounding selected gaps was representative of the density of the forest and was without other openings for a distance equivalent to at least one tree height.
To classify gap size, the ratio of gap diameter to the canopy height (D/H ratio) was used. This ratio was calculated by measuring the distance between the south and the north of the vertically projected gap as well as by measuring the average height of dominant trees south of the gaps since these trees had the greatest influence on the amount of light entering the gap. The height of the base of the canopy north of gaps was also measured to evaluate its influence on light levels in the understory north of gaps. An estimation of gap area was calculated based on the formula for the area of a circle. Three categories of gaps were selected for this study: small, medium, and large ( Figure 1) . Small gaps were those in which the diameter of the openings was less than half of the average tree height (D/H ratio ≤ 0.5, average size of 51 m 2 ), medium gaps had a D/H ratio of 1 ± 0.25, and an average size of 216 m 2 while large gaps had a D/H ratio equal to or larger than 1.5 and an average size of 994 m 2 . Gaps with a ratio between 0.5-0.75 and 1.25-1.50 were eliminated so that differences between each category were easier to observe. Fifteen gaps were evaluated in total, five of each gap size class.
Position of Light Measurements in Gaps and under the
Forest Canopy. Light measurements were taken at equal distances from one another along the north-south axis of each gap. For all gap sizes, position 0 was the position at the southern edge of the vertically extended gap and position 1 was at its northern edge. For small gaps (D/H ratio ≤ 0.5) five measurements were taken in each gap and one north of the gap under the adjacent forest canopy (Figure 1(a) ). For medium gaps (D/H ratio 1 ± 0.25) seven measurements were taken in the gap and two measurements were taken under the canopy north of the gap (Figure 1(b) ). Finally for large gaps (D/H ratio ≥ 1.5) nine measurements were taken in the gap and three measurements were taken north of the gap (Figure 1(c) ). The mean of 10 hemispherical photographs taken under the canopy with no gaps nearby was used to compare the light levels under closed canopy with light levels measured in gaps.
Light Measurement Methods.
Two of the commonly used methods to estimate or measure light levels (hemispherical photographs and instantaneous measurements) were used at different positions in the gaps. Because hemispherical photographs provide only an estimate of potential light, a direct measurement of light (instantaneous measurements) was also used to see if similar results would be found which would thus increase the robustness of the results. The first method used was based on hemispherical canopy photographs (HPs) taken with a digital Nikon Coolpix 4500 and a fisheye lens (FC-E8 0.21x). The digital photographs were taken in June and July (thus after leaf out), under overcast conditions with uniform light to enhance the contrast between sky and canopy. The camera was levelled and oriented towards magnetic north. Images analyses were made using the Gap Light Analyser (GLA) software version 2.0. When necessary, image tools in the GLA software (contrast, brightness, gamma correct, and color plane) were used to enhance the contrast between the canopy and the sky before thresholding was applied. The resulting working images were verified thoroughly against original photographs to ensure the correct representation of the canopy. Percent of total light transmitted (Diffuse + Direct), which is the percentage of light transmitted in a completely open field and averaged for the sampling period (June and July), was determined for each photograph. The relative contribution of diffuse and direct light transmitted was assumed to be equal (50% diffuse : 50% direct) as this has been found to be a reasonable estimate [16] .
The second method used was the instantaneous measurement (IM) of the photosynthetic photon flux density (PPFD) using an LI-191 line quantum sensor (LI-COR) in gaps and a point sensor in the open. In a previous study, Messier and Puttonen [20] developed a method to estimate the %PPFD under the canopy on completely overcast days. This method is successful under a homogeneous canopy but does not take into account the structure and spatial orientation of the canopy as well as ignoring differences in direct light [21] . In this study, measurements with the quantum sensors were made during the two hours before and after solar noon on cloudless days in the week before and after the summer solstice. This method should provide an estimation of the maximum light levels that can be found during the growing season. Every five seconds, a data logger sampled the measurements of a point sensor placed in the open and from this data; one minute averages were produced. At each gap position, two measurements were taken 15 seconds apart with the line quantum sensor oriented eastwest and again with the line quantum sensor oriented northsouth. The light value for a given position was the average of these 4 measurements 
Data Analysis.
To test whether light levels in gaps (and north of gaps) differed significantly from light levels under closed canopy, light levels measured at every location inside and north of gaps of each class size (D/H ratio) were compared to light under the closed canopy using Dunnett's test. This analysis was only conducted for hemispherical photographs because measurements under closed forest canopy, used as controls in this test, were only available for this method.
Another of the questions of our study was to determine whether light levels were significantly different between positions inside and north of gaps under the canopy. Analyses of variance (ANOVA) were used to test for significant effects of location inside of the gaps on mean light levels within each size (D/H ratio) class. The ANOVA model included individual gaps treated as a random blocking factor and the position effect (fixed factor). In cases where the effect of position was significant (P ≤ .05), a Tukey-Kramer post-hoc test was used to determine which positions had significantly different light levels.
The influence of the height of canopy base on light levels measured at the first position north of gaps under the canopy was also studied. This analysis was conducted on the first position north of gaps because it was the one that would be most influenced by the height of the canopy base north of the gaps. For each method, analysis of covariance was used with a model that included height of the canopy base, gap size, and the interaction between them. In cases where gap size and the interaction (i.e., covariables) were not significant (P < .05) the model was simplified to a linear regression.
Finally, for each gap size and each method, second and third degree polynomial models were fitted to the data using regression. Third degree polynomial models were a better fit to the data in all cases except for medium gaps where second degree polynomials were adopted. These regressions were used to determine the positions at which light levels were maximum (for each gap size and method) by estimating the position for which the model's first derivative was equal to zero. Afterward, gap size (small, medium, or large) and its interaction with the position factor were added to the model in order to test whether the distribution and hence the maximum position varied significantly between gap sizes. In the event of significant interaction, the maximum positions calculated for each gap size were compared using Tukey's HSD post-hoc test. (Figure 2(a) ). In medium gaps (ratio of 1 ± 0.25), light levels were not significantly different (P > .05) from those measured under the closed forest canopy at three positions: the two points at the southern edge (positions 0 and 0.167) and beyond the northern edge of the gap (position 1.333) (Figure 2(b) ). Finally, in the large gaps (D/H ratio ≥ 1.5), light levels were significantly higher (P ≤ .05) than those under the forest canopy at every position except the southern edge, and two positions beyond the northern edge of the gap (positions 1.25 and 1.375) (Figure 2(c) ). For all gap sizes, at the first position north of the gap under the forest canopy light levels measured were significantly higher than those under the closed forest canopy (Figures 2(a) , 2(b), and 2(c)).
Results
Light Inside and North of Gaps versus
Comparing Light Levels at Different Positions within and North of Gaps
Hemispherical Photographs (HPs).
The effect of position was highly significant for each gap size (small P = .0001; medium P = .0016; large P < .0001), indicating a nonuniform distribution of light inside and north of gaps. In small gaps, light levels at the northern edge and three quarters of the way through the gap towards the north (position 0.75) were significantly higher (P ≤ .05) than those close to the southern edge (positions 0 and 0.25) (Table 1(a) and Figure 2 (a)). Light levels under the canopy north of small gaps (position 1.25) were also significantly higher than at position 0.25. In medium gaps, there were significantly higher light levels (P ≤ .05) north of the center at positions 0.667 and 0.833 than those near the southern edge (positions 0 and 0.167) (Table 1(b) and Figure 2(b) ). Light levels measured at the northern edge of medium gaps were also significantly higher than those at the southern edge (Table 1( significantly higher than those at the southern edge of gaps (Table 1 (c) and Figure 2 (c)).
Instantaneous Method (IM).
The effect of position was also significant for each gap size (small P = .0004; medium P < .0001; large P < .0001) measured with the instantaneous light measurement methods. In small gaps, light levels were significantly higher at the northern edge and three quarters (Table 1 (c) and Figure 2(c) ). In gaps of all sizes, the results of the instantaneous method were highly variable which is consistent with Gendron et al. [22] findings that instantaneous light transmission on sunny days around noon is the most variable method of light measurement.
Influence of the Height of the Base of the Canopy.
The height of the canopy base ranged from 3.3 m to 12.6 m.
When tested in an analysis of covariance, the covariables gap size and its interaction with height of the canopy base were not significant for either method (P > .05) and thus they were dropped from the models. This indicated that the relationship between light north of gaps under the canopy and height of canopy base north of gaps never differed significantly between the different gap sizes. When tested with a linear regression, light levels measured north of gaps under the canopy increased with an increasing height of the canopy base for both methods (HP P = .0019, y = 2.19x + 13.24, and R 2 = 0.56; IM P = .0003, y = 4.80x − 4.92, and R 2 = 0.67).
Light Distribution within Gaps.
For both methods, the general patterns of light distribution were the same although the exact position of maximum light differed ( Figure 3 and Table 2 ). The position with maximum light was close to the northern edge in small gaps (position 0.96 for HP and position 0.89 for IM), between the center and the northern edge in medium gaps (position 0.77 for HP and position 0.76 for IM) and at the center of the gap in large gaps (position 0.50 for HP and position 0.53 for IM) ( Table 2 and Figure 3(a) ). When added to the models, the interaction between gap size and position was highly significant for both methods (HP P = .0005 and IM P = .0036), confirming this shift in position of maximum light with gap size. Tukey's HSD post-hoc test determined that light distribution did not, however, differ between small and medium-sized gaps (HP P = .9979; IM P = .6732) but only between small and large gaps (HP P = .0155; IM P = .0344) and between medium and large gaps (HP P = .0008; IM P = .0007).
Discussion
Light under the Closed Canopy.
The presence of gaps modified the light levels that were found under different places in the closed canopy and furthermore as gap size increases differences were accentuated. Ecologically in large and medium gaps the differences in light levels compared to the understory could allow for the recruitment of intolerant or mid-tolerant species while in small gaps although statistically different the absolute change in the light environment might not be sufficient to lead to differences in species recruitment. For all gap sizes, light under the forest canopy at the first position north of gaps was significantly higher than that under closed canopy forest distant from gaps ( Figures  2(a) , 2(b), and 2(c)).
Light Levels at Different Position and Maximum Light
Levels. The two methods used gave similar patterns of light distribution (Figures 2(a) , 2(b), and 2(c)). However, the instantaneous measurements provided more variable results compared to the hemispherical photographs which is consistent with a previous study comparing different light measurement methods [22] . Instantaneous measurements also measured lower light levels compared to the hemispherical photographs in low light environments (particularly in the southern part of gaps) and higher light levels in high light environments. The lower light levels measured Table 2 were fit to the data for percent of total light for each position. by hemispherical photographs in high light environments may be due to the fact that the evaluation of light using hemispherical photographs does not take into consideration beam enrichment by reflected light as well as that transmitted by foliage [22] . The lower light levels that we observed with the instantaneous measurements for the southern part of gap may be due to the time of day (2 hours before and after solar noon) at which measurements were taken; since the sun would be shaded by trees at the southern end of gaps. Analysis of hemispherical photographs, on the other hand, calculates the whole spectrum of the sun's path including low angle light reaching the southern end of gaps when the sun is at its most northern positions at the beginning and the end of the day. The estimated light levels provided by hemispherical photographs are probably more important for vegetation within gaps because they represent the light conditions of the growing season at the different positions within gaps, while instantaneous methods provide an estimation of maximum light on a given day which might not be representative of overall light conditions. The higher levels of light measured in the northern portion compared to the southern end of small and medium gaps (Figures 2(a), 2(b) and Tables 1(a), 1(b)) are due to the northern latitude of this study site where the sun angle is lower than in equatorial regions [16] . As suggested above, these differences in light levels even if significant might not be sufficient in small gaps to allow for the establishment of species of different shade tolerance. In medium and large gaps however, light levels are almost twice as high in the northern part of gaps compared to the southern part and could be sufficient to allow for the establishment of intolerant or mid-tolerant species (like Betula allenghiensis). The previous studies have observed such species partitioning within gaps in the eastern boreal forest International Journal of Forestry Research 7 [17] , the north eastern US [7, 23] , and the pacific northwest, while for one study also in the pacific northwest two years after harvesting gap partitioning was still not apparent [10] .
In small gaps, higher light levels were also measured north of gaps under the canopy compared to in the southern part of the gaps (Figure 2(a), Table 1(a) ) which is consistent with Canham et al. [16] and Ban et al. [19] reasoning. However, in this study, the position with the highest light levels was found close to the northern edge in small gaps (Figures 3(a), 3(b) and Table 2 ) and not under the canopy north of gaps as proposed by the previous authors. In our study, the height of the canopy base at the northern end of a gap was found to influence the light levels north of gaps under the canopy. Although this may seem intuitive it has not been commonly discussed but it could explain the difference between our study and Canham et al. [16] model as crowns of 70 m high Douglas fir-hemlock forest could have canopy bases that are much higher than the ones in this study (mean of 5 m high for small gaps).
Light Distribution in Gaps of Different Sizes.
Many earlier studies [4, 6, 24] have focused on light measurements in gaps of a given size or a small range of sizes and this has led to some of the apparent discrepancy in position of highest light. Researchers working on gaps of comparable size-whether small [4] , medium [24] , or large [5, 25] -have reported light to be highest at the same positions as the gaps of similar size in this study. However, our approach of measuring light across a gradient of gap sizes shows this shift in the location of the highest light towards the centre as gap size increases (Figures 3(a) and 3(b) ). These results could explain why Gray et al. [4] and Canham et al. [16] found different positions of the highest light levels even if they were in the same study area and used similar methods. Closer inspection of results shows that gap sizes vary between studies (Canham et al. [16] D/H ratio of 0.14-0.29; Gray et al. [4] D/H ratio of 0.2-1.0) and it can be observed that in gaps with a greater D/H ratio the highest light levels were found closer to the center of the gaps.
However, it is worth noting that the interaction between factors such as latitude and gap size should also be investigated to determine how their combined influences affect light distribution in gaps. For example, in a very high latitude study site (61 • 48 N) the position with maximum light levels was found to occur north of the gap center even in a very large opening with a D/H ratio of 2.5 [3] . Maximum light levels in large sized gaps shift to gap centre as latitude decreases [5] . In small gaps light shifts even more strongly from gap centre to beyond the northern gap edge as latitude increases. Ban et al. [19] suggest that individuals might thus establish in these high light areas north of gaps where the forest is dominated by small openings and thus require multiple gap events to reach the canopy.
Our research clarifies some of the differences between earlier studies by showing that gap sizes (as measured with the D/H ratio) affect the light distribution in gaps and under the canopy north of gaps. Therefore when gaps are made for management purposes in temperate regions, the size of the opening (D/H ratio) should be considered, as well as the latitude, to accurately assess which species can successfully recruit at different positions in gaps based on light levels and species shade tolerance. The difference in light levels measured north and south of medium gaps could allow the establishment of intolerant (or mid-tolerant) species in the northern portion of gaps and shade tolerant species in the southern portion of gaps. For the most intolerant species, larger gaps should be favoured due to the very high light levels found along most of the north-south gradient while for tolerant species small gaps would be more appropriate. Such reasoning could be used in the perspective of mixedwood management to ensure conditions favourable to different species [26, 27] . However, researchers should also consider the effect of different light levels on factors such as soil moisture levels necessary for seedling germination [10] . This would follow MacDonald and Thompson's [28] recommendation for mixedwood management that different species can be separated into patches where treatments (or microhabitat in this case) are more suited to each species requirements.
